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Chondrodysplasia Grebe type {CGT) is an autosomal recessive disorder characterized by severe limb shortening and
dysmorphogenesis. We have identified a causative point mutation in the gene encoding the bone morphogenetic
protein (BMP}like molecule, cartilage-derived morphogenetic protein-1 (CDMP-1). The mutation substitutes a tyrosine
for the first of seven highly conserved cysteine residues in the mature active domain of the protein. We demonstrate

that the mutation results in a protein that is not secreted and is inactive in vitro. 1t produces a dominant negative effect
by preventing the secretion of other, related BMP family members. We present evidence that this may occur through
the formation of heterodimers. The mutation and its proposed mechanism of action provide the first human genetic
indication that composite expression patterns of different BMPs dictate limb and digit morphogenesis.

The skeletal elements of the vertebrate limb arise from condensing
mesenchymal cell populations. The size and shape of the conden-
sations, together with their growth, branching and segmentation,
determine limb pattern. Differentiation of condensed mesenchy-
mal cells into chondrocytes leads to the establishment of cartilagi-
nous precursor elements (anlagen), from which bone subsequently
forms by endochondral ossification!, One group of signalling mol-
ecules known to be intimately involved in cartilage and bone for-
mation are the bone morphogenetic proteins ( BMPs), which were
originally isolated and characterized from bovine bone matrix by
their ability to induce cartilage and bone formation when implanted
at an ectopic site” . They belong to the TGE-B superfamily of mul-
tifunctional signalling molecules, which are critically engaged in a
variety of developmental processes®. BMPs are initially synthesized
as monomeric pro-forms, which subsequently dimerize before
being cleaved enzymatically at a characteristic R-X-X-R consensus
site. The formation of a correctly folded mature secreted dimer is
essential for eliciting a biological response upon binding to specific
serine-threonine kinase receptors.

Cartilage-derived morphogenetic protein-1 (CDMP-1: OMIM
601146), also termed growth/differentiation factor 5 (Gdf5), is closely
related to the BMPs®7. It is expressed predominantly at sites of car-
tilage differentiation in developing limbs, where it may function as a
signal for chondrogenesis®”, In addition, expression of CDMP] at
the position of future joint spaces suggests a role in the formation
of articulations®, Studies of naturally occurring null mutations in
mice (bp)” and humans (acromesomelic chondrodysplasia, Hunter-
Thompson type (CHTT); OMIM 201250; ref. 9) demonstrate that
the development of appendicular skeletal elements and joint mor-
phogenesis are severely perturbed in the absence of CDMP-1.

In an ongoing effort to further define the molecular basis of skele-
togenesis, our attention was drawn to chondrodysplasia Grebe type
(OMIM 200700; refs 10,11). CGT resembles CHTT in that abnor-
malities are restricted to the appendicular skeleton. However, the
degree of skeletal and joint dysplasia is much more pronounced. We
report that CGT is caused by a point mutation in CDMPI, result-
ing in a cysteine-to-tyrosine substitution in the mature protein

(CDMP-1949Y), However, unlike the null mutation?, CDAPCA00Y
acts as a dominant negative mutation. We found that the mutated
protein is not processed or secreted and prevents the secretion of
other BMPs through the formation of non-functional heterodimers.

Chondrodysplasia Grebe type

CGT is an autosomal recessive disorder characterized by severe
abnormality of the limbs and limb joints. The severity of limb
shortening progresses in a proximal-distal gradient, with the hands
and feet being most affected (Figs. La,b,f}. The fingers and toes
lack articulation and appear as skin appendages (Fig. 15). In con-
trast, axial skeletal structures and the craniofacial skeleton, includ-
ing the temporo-mandibular joint, are not affected. Heterozygous
individuals are of average stature and have a variety of mild skele-
tal abnormalities, including postaxial polydactyly, brachydactyly
(Fig. 1e), delayed bone age, metatarsus adductus, valgus deviation
of toes and flexion contracture of fingers (not shown).

G—A transition in CDMPT segregates with CGT

Human CDMPI maps to chromosome 20q11.2 and is tightly linked
to D20S191 and D205195 (ref. 12). Haplotype analysis with poly-
morphic (CA),, repeat markers for D20S191, D20S195 and CDMP1
demonstrated a common D208191:D205195:CDMP1 2:1:1 haplo-
type in thirteen of fourteen affected chromosomes. The remain-
ing chromosome was detected in an affected mdividual (Fig. 2,
#13) with one copy of the 2:1:1 haplotype and one copy of a 1:1:1
haplotype. All obligate carriers analysed possess one copy of the
2:1:1 haplotype. Affected individuals homozygous for the 2:1:1
haplotype have a G—A transition at nucleotide 1 199, predicting a
tyrosine for cysteine substitution at amino-acid 400 (C400Y) in
the mature region of CDMP-1 ¢ Fig. 3). The G1199A substitution
eliminates a Pst restriction site, permitting direct analysis of PCR
products flanking the mutation by Pstl restriction digestion ( Fig. 2).
The affected individual with the 2:1:1, 1:1:1 haplotype was found to
be a compound heterozygore, possessing one allele for the G11994A
mutation and the other for a deletion of a G nucleotide at position
1144, predicting a frameshift and premature stop codon 70 amino
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Fig. 1 Clinical and radiographic characteristics of CGT in comparison with
CHTT. &, in a 10-year-old CGT-affected boy, abnormalities are restricted to the
limbs, with dramatic shortening in a proximo-distal fashion. The range of
motion of the elbows, wrists, hands, knees and ankles is either severely
restricted or non-existent because of gross skeletal dysmorphogenesis. In con-
trast, no apparent abnormalities are observed in the acromio-clavicular, sterno-
clavicular, or costo-sternal joints, and the craniofacial and axial skeleton is
normal. b, Enlarged view of the arms and legs. Five of eight affected individu-
als presented with postaxial polydactyly of the fifth digit. e~f, Comparison of
severity of hand malformations between Hunter-Thompson and Grebe type
chondrodysplasia. ¢, X-ray of a normal hand (age-matched to d). d, Homozy-
gous Hunter-Thompson phenotype associated with frameshift mutation and
loss of function of COMP-1 (ref. 10). e, Heterozygous CGT individual (#8 in Fig.
3) showing brachydactyly. Note the very short first metacarpal and second and
fifth medial phalanges (arrows). There is clinodactyly of the fifth finger, and
the styloid process of the ulna is absent. £, Phenotype of homozygous CGT
associated with CDMPT00Y mutation. Note the greater severity of skeletat
dysmorphogenesis than in d. There is an abnormal shape and a reduced num-

ber of carpal bones and apparent fusion of several carpal bones. Note abnormal size, shape or absence of metacarpals and proximal and medial phalanges, and
there is one extra distal phalanx (sixth digit). Note shortened and abnormally shaped radius and absence of distal part of the ulna.

acids downstream (Fig. 3). This individual is phenotypically iden-
tical to homozygotes for the G1199A mutation. The AG1144 muta-
tion was not present in any of the other 1:1:1 haplotypes analysed
and may represent a sporadic mutation. Affected individuals in the
three unrelated families were also found to be homozygous for the
C400Y mutation (not shown).

CDMP-1%%0% s not secreted or biologically active

The effect of the CDMPI“Y mutation on the synthesis and secre-
tion of CDMP-1 was determined by western analysis of cell extracts
and culture supernatants of COS-7 cells transfected with CDMP]I
or CDMPI40Y | Analysis of cell extracts after CDMPI transfec-

tion demonstrated the presence of unprocessed as well as small
amounts of processed mature CDMP1 (Fig. 4a). In the culture
supernatant, CDMP-1 was secreted only as a mature processed
fornw. In contrast, although cell extracts from CDMPIY trans-
fected cells contained the unprocessed protein, there was no evi-
dence of cleavage or secretion (Fig. 4a).

The apparent inability of CDMP-1940%Y 1o be processed or
secreted suggests that it should have no biological activity. To test
this hypothesis, we established an in vitro assay to measure BMP
activity. The assay was based on the observation that addition of
recombinant CDMP-1 or OP-1 to the murine embryonic carci-
noma cell line ATDC5 produces an increase in alkaline phosphatase

Fig. 2 Pedigree and allele-specific PCR analysis of
chondrodysplasia Grebe-type family. We identified
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twenty individuals with CGT, all members of the
original families from the state of Bahia in Brazil
described by Quelce-Salgado'2. Ten of these were
re-studied; seven belonged to five sibships in a sin-
gle kindred, while the others were divided among
three seemingly unrelated families (not shown).
Affected individuals are indicated by a black box,
and heterozygous carriers are represented by a dot
in the center of an open box. Numbers refer to
family members analysed by PCR, and an asterisk
indicates the individual found to be a compound
heterozygote. Below the pedigree are Pstl digests
of 503-bp PCR fragments flanking the mutation
site. The G1199A transition (see below) destroys a
Psil site. Homozygotes for the G-»A transition give
a single PCR product of 478 bp, whereas the PCR
product from homozygous normal individuals is
completely digested to release fragments of 300
bp and 178 bp. All three products are present in
digests from heterozygous individuals.
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Fig. 3 Affected individuals with CGT harbour the CDMPT mutation G1199A, resulting in a C400Y amino-acid change. Partial restriction map (S, Sacl; Sm, Smai; A,
Apal; E, EcoRl) and schematic representation of CDMPT showing the exon-intron boundaries, and the domain structure of the derived <DNA. The open reading
frame (ORF) of CDAIPT is encoded by two exons. One exon encodes 5'-untranslated region (UTR), the signal peptide and part of the pro-region. The second
exon encodes the remaining part of the pro-region, the mature region {shaded box) and the 3~UTR. The position and sequence of the G1199A transition within
the biologically active mature region, resulting in a C400Y amino-acid change, is shown. Automated sequencing data are presented to demonstrate the AG1144

deletion in the compound heterozygote (#13 in Fig. 2).

(AP) activity in a dose- and time-dependent manner. We used this
phenomenon to measure BMP activity in ATDC-5 cells transfected
with either CDMPI or CDMP1C%_ When CDMPI was trans-
fected into ATDCS cells, AP activity was markedly upregulated. In
contrast, in CDMPI“40% transfected cultures, AP activity was
found to be at or below the level of those transfected with control
plasmid (Fig. 4b).

CDMP-1€400Y has a dominant negative effect

We have previously shown that the absence of CDMP-1 results in
the clinically milder phenotype of Hunter-Thompson chon-
drodysplasia®. Consequently, loss of function of CDMP-1¢400Y
alone does not explain the greater severity observed in CGT. As
CDMP-1¢49Y does not appear to be secteted, it may exert a dom-
inant negative effect by interfering, intracellularly, with the syn-
thesis or secretion of other BMP family members. To address this
question, we conducted a number of co-transfection experiments
(Figs 4a, 5a-¢). COS-7 cells were co-transfected with CDMPIC400Y
and CDMPI1, BMP2, BMP3, OP], the activin gene or an unrelated
gene (Frzb). At ratios of 4:1, CDMP-140% inhibited the secretion
of CDMP-1 (Fig. 4a), OP-1, BMP-2 and BMP-3 (Fig. 5a,¢,d), but
not of the more distantly related family member activin (Fig. 5¢)
or the unrelated protein Frzb (not shown). The association of inhi-
bition of BMP secretion with reduced biological activity was
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demonstrated in the ATDC-5 cell assay. Cultures co-transfected
with CDMPIS%Y and OPI, at a 4:1 ratio, produced markedly
lower levels of AP activity than cultures co-transfected with OP!I
and either CDMP-1 or control plasmid (Fig. 5b). A second find-
ing was that cultures co-transfected with OPI and wild-type
CDMP1 produced significantly lower AP levels than those co-trans-
fected with OP/ and control plasmid. This result provides the basis
for further ongoing studies on the biological implications of BMP
co-expression both in vive and in vitro.

CDMP-1 and CDMP-1¢4%0Y can form heterodimers with
other BMP family members

To address the possibility that CDMP-1¢4%Y could form het-
erodimers with other BMPs, a number of co-immunoprecipita-
tion experiments were performed in transfected COS-7 cells. In
preliminary experiments, we demonstrated that BMP-2 and OP-1
can be co-immunoprecipitated from transiently transfected cul-
ture supernatants (not shown). Subsequently, COS-7 cells were
transfected with expression vectors containing COMP] or
CDMPIC4%Y and BMP2, BMP3, OPI or the activin gene at a 1:1
ratio. Rabbit polyclonal antibodies specifically recognizing native
BMP-2, BMP-3, OP-1 or activin were used to immunoprecipitate
cell extracts or culture supernatants. Subsequent immunoblot
analysis of culture supernatants with mouse myc-tag antibody
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Fig. 4 CDMP-1400Y j5 not secreted, is inactive
and suppresses the secretion of wild-type
CDMP-1. a, Western analyses of COS-7 cell
extracts (cell) and media supernatants (sup)
from cultures transfected or co-transfected
with expression vector pcDNA3 containing
the inserts: wt {wild-type COMPI™Yc-tag) and
C400Y (CDMP1CA00Ymyc-tagy Al samples were
separated on 4-20% Tris-glycine gels under
reducing conditions and analysed with mouse
myc-tag monoclonal antibody (2E10). Analysis
of cell extracts show that both CDMP-1 and
CDMP-1%400Y are synthesized as 56-kD pro-
forms, but only CDMP-1 is processed to a 14-
kD mature form. In the supernatant, only the
mature form of CDMP-1 is secreted. Secretion
of CDMP-1 is reduced by the presence of 4x
C400Y. The positions of the pro- and mature
forms are diagrammatically illustrated adja-
cent to immunoblot. b, Histogram showing
alkaline phosphatase (AP) activity in cell
extracts from the osteoprogenitor cell line

Ca00Y Control

ATDC-S transfected with CDMPI, CDMPTX00Y o the B-galactosidase gene (control). CDMP-1 produces an increase in AP activity; CDMP-1€400Y js inactive. The

values represent the means and standard deviations from triplicate cultures.

(9E10) specific for CDMP-1 demonstrated co-immunoprecipita-
tion of CDMP-1 with BMP-2, BMP-3 or OP-1 (Fig. 6, lanes 1-3)
but not activin (data not shown). Determining whether
CDMP-144%Y can heterodimerize required immunoprecipitating
cell extracts, as CDMP-19400Y js not secreted. Analysis of cell
extracts with affinity-purified peptide antibodies raised in chicken
demonstrated the co-immunoprecipitation of BMP-2 and
CDMP-1¢40% (Rig 6, lane 5).
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CGTis caused by a mutation in CDAMP1

Identification of CDMPI®40%Y a5 the causative mutation of CGT
provides further insight into the role of CDMP-1 and related BMPs
during appendicular skeletal morphogenesis. The C400Y muta-
tion substitutes a tyrosine for the first of seven highly conserved
cysteine residues in the mature, active protein. The number and
spacing of the cysteines are conserved throughout the TGF-$
superfamily, cnabling the protein to fold into a characteristic cys-

8 ora +p-gal
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[ OP-1 + 4 x C400Y
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Fig. 5 CDMP-1%40%Y can produce a
dominant negative effect by inhibit-
ing the secretion of other BMPs.
a,c-e, Western analyses of COS-7 cell
extracts (cel!) and media supernatants
(sup) from cultures co-transfected
with expression vector pcDNA3 con-
taining either wild-type COMPT (wt)
or COMPTC0Y and OP1, BMP2, BMP3
or the activin gene. All samples were
separated as before and analysed
with antibodies specific for (a) OP-1
(b) BMP-2 (c) BMP-3 and (d) activin.
At a ratio of 4:1, CDMP-1949%0Y inhibits
the secretion of OP-1, BMP-2 and
BMP-3, but not activin. The molecular
weights of pro- and mature forms,
respectively, are OP-1, 50 kD and 18
kD; BMP-2, 60 kD (not shown) and 16
kD; BMP-3, 64 kD, two bands at 30
and 28 kD; and activin, 58 kD and 14
kD. b, Histogram showing alkaline
phosphatase (AP) activity in cell
extracts from the osteoprogenitor cell
line ATDC-5, co-transfected with OP?
and CDMPT, COMPTS%Y or the -
galactosidase gene (control) at a 1:4
ratio. The presence of CDMP-1<400Y
produces a marked reduction in AP
activity. The values represent the
means and standard deviations from
triplicate cultures.
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teine knot structure!>-15, The absence of the first cysteine in
CDMP- C400Y dramatically reduces its processing and secretion.
Although the ultimate form of the mutant protein is unknown,
its inability to progress through the secretory pathway will pre-
sumably lead to its intracellular destruction!®,

Fig. 6 CDMP-1 and CDMP-1€400Y ¢an form heterodimers with other BMPs, Cul-
ture supernatants (lanes 1-3) or cell extracts (lanes 4,5) from COS-7 cells co-trans-
fected with CDMP1/BMP3 (lane 1), COMP1/OPT (lane 2), CDOMP1/BMP?Z (lane 3),
CDMP1/BMP3 (control), BMP2/OPT (lane 4) and COMPI%Y/0p] (lane 5).
Immunoprecipitation was performed with rabbit antisera (lanes 1--3 and control)
specific for BMP-3 (lane 1), Op-1 (lane 2) and BMP-2 (lane 3 and control) or with
an OP-1 specific chicken antibody (lanes 4,5). Western analysis was performed
using the myc-tag antibody (lanes 1,2,3, control and 5) or a BMP-2-specific rab-
bit polycional antibody (lane 4). The presence of heterodimers is demonstrated
by the co-immunoprecipitation of the secreted mature form of COMP-1 (arrow,
lanes 1-3) or the intracellular pro-forms of BMP-2 (lane 4) and CDMP-1¢400Y
(lane 5). HC and LC indicate the positions of immunoglobulin heavy and light
chains, which show non-specific cross-reactivity.

is schematically represented in Fig. 7. The potency of the
CDMPI*Y mutation in disrupting the function of other BMPs
is evident from the individual found to be a compound heterozy-
gote. In this case, where there is one null allele and one CDMPIC00Y
allele, the phenotype is indistinguishable from affected homozy-
gotes. This implies that if both alleles are expressed equally, half the
amount of CDMP-1¢40Y can produce the same phenotypic effect.

CDMP1<4%Y mytation may act by selective
heterodimerization

One of the most intriguing aspects of CGT is the sever-
ity of the phenotype. In a previous study, we identified
a null mutation in CDMP] as the cause of a clinically
milder disorder, chondrodysplasia Hunter-Thompson
type®. Comparison of the two disorders, together with
the mild heterozygous phenotype in CGT (Fig. Le—f),
introduces the possibility that the C400Y mutation
causes a dominant negative effect. The demonstration
that CDMP-1“4%Y appears not to be secreted makes it
unlikely that it acts at the receptor level. Furthermore,
the ability of CDMP-1740Y 16 suppress the secretion of
only certain members of the TGF-P superfamily sug-
gests that the dominant negative effect is selective, and
that a non-specific inhibition of protein secretion is
unlikely. Similar studies on TGF-B1 have shown that
mutations in the precursor form inhibit the secretion
of TGF-B1, -2 and -3 but not BMP-6 {ref. 17). Likewise,
mutation of the R-X-X-R cleavage site of Xenopus
BMP-4 (xBMP-4) inhibits the cleavage of normal
xBMP-4 and xBMP-7 but not activin'®,

ol
|
|
|
l

How could a mutation in one BMP-like molecule
selectively affect the secretion of other family members?
One possibility is through the formation of non-func-
tional heterodimers. BMPs are usually considered to be
homodimers, although heterodimers of BMP-2 and OP-1
have been produced i vitro!%20, and their occurrence in
vivo has been postulated but not proved*. We demon-
strate that CDMP-1 is able to heterodimerize with
BMP-2, BMP-3 and OP-1, and that the heterodimers are
secreted. In contrast, whereas CDMP-17400Y can form
heterodimers intracellularly, there is no evidence for their
secretion. Therefore, BMP/CDMP-1499Y heterodimers
will most probably be non-functional. The mode of
action of the dominant negative CDMPICAY mutation

Fig. 7 Diagrammatic representation of proposed mechanism of
action of the dominant negative COMP-7590Y mutation. a, Wild-
type {wt) CDMP-1 synthesis and secretion. B, CDMP-1€400Y s gy
thesized but is not processed or secreted. €, CDMP-1€400Y jnhibits
the processing and thereby the secretion of wild-type CDMP-1.
d, COMP-1S400Y jnhibits the processing and secretion of related

BMPs by the formation of non-functional heterodimers.
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An alternative explanation would be that the absence of secreted
wild-type CDMP-1 results in an upregulation of CDMP-1¢400Y by
means of a compensatory feedback loop mechanism.

CDMP1 expression and limb development

It is known that a number of BMPs, including bmp2, 4, 6, 7(0P1),
CDMPI1 and CDMP2 (refs 6-8,21,22), are expressed during limb
development, but information on the temporal and spatial pat-
terns of BMP co-expression is limited*. As our proposed mecha-
nism of action of CDMPI“%Y requires its co-expression with other
BMPs, it is very likely that CDMP1 is co-expressed with other BMPs
at some time during limb development. It has been postulated that
overlapping expression patterns of different BMPs may provide a
degree of biological redundancy®%. In the BMP7 knockout mouse,
morphological abnormalities are restricted to cell populations
exclusively expressing bmp-7, whereas those shown to be co-
expressing other BMPs are less affected or are normal?>, We can
extend this principle to explain the differences observed in the two
human disorders involving mutations in CDMPI. In Hunter-
Thompson chondrodysplasia, the absence of CDMP-1 may be
partly compensated by the expression of other BMPs in the cells
where they are normally co-expressed. Conversely, in CGT, the
absence of CDMP-1 in conjunction with reduced secretion of other
BMPs leads to a greater disruption of skeletogenesis.

During development, ossification of skeletal elements progresses
in a proximal-distal direction®®?. The severity of skeletal defects
observed in both Grebe and Hunter-Thompson chondrodysplasia
progresses in the same manner. So far, however, there has been no
evidence for a proximal-distal gradient of CDMP ] or other BMP
transcripts during limb development. Our in-vitro transfection
experiments indicate that secretion of other BMPs is inhibited only
by the presence of relatively elevated levels of CDMP-1C490Y I this
is also true in vivo, any detrimental effects may occur only when
CDMP] is normally expressed as the predominant BMP-like gene.
It remains to be established whether CDMP] is the predominant
BMP-like gene expressed in the more distal parts of the develop-
ing appendicular skeleton.

Brachydactyly in heterozygous individuals

We noted the occurrence of brachydactyly as a common feature of
individuals heterozygous for CDMP1“4%Y, The inherited brachy-
dactylies are a well-documented and classified group of autosomal
dominant disorders?®2%, but a genetic link has remained elusive.
Brachydactyly has been noted in heterozygotes from a number of
other CGT families®’?, and the heterozygotes observed in the pre-
sent investigation have phenotypes resembling brachydactyly types
A-1, A-4 and C. As part of an independent investigation, we have
identified mutations in CDMP]I in four unrelated families with
brachydactyly type C (Polinkovsky et al., unpublished observa-
tions). Therefore, heterozygous expression of certain CDMPI muta-
tions can lead to haploinsufficiency, producing distinct mild
phenotypes. This introduces the concept that heterozygous expres-
sion of mutations in other BMP genes may cause autosomnal dom-
inant traits affecting the development of various organ systems.

Methods

Haplotype analysis and mutation detection. Eight affected individuals and
sixteen family members, including nine obligate carriers, agreed to have
blood drawn for molecular studies. Fifteen members (eight affected, seven
obligate heterozygotes} consented to clinical examination, and X-ray analy-
sis was performed on twelve. Individuals were genotyped for polymorphic
(CAln repeat markers for the loci D108195 and D10SI191 and for a
CDMP1-specific polymorphic (CA)n repeat marker'2, DNA was isolated
from whole blood (QIAmp blood kit, Qiagen) for PCR amplification or
was amplified directly from 1-1nm blood spots after a brief methanol wash,
Primer sets were used to amplify the entire open reading frame (ORF) and
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exon—intron boundaries as previously described®. PCR products were cycle
sequenced with [355]dATP and the AmpliTaq kit (Perkin Elmer), or
analysed by automated sequencing (Applied Biosystems model 370A).
Familial analysis of the G1199A mutation was performed by digestion of a
503-bp PCR product flanking the mutation region with Pst, followed by
analysis on 2.5% agarose gels. The PCR product contains two Psfl sites (at
nt 300 and 478), but the one at nt 300 is destroyed by the mutation.

Construction of expression vectors. To create a cDNA encoding the complete
ORF of wt CDMPI, a 1,549-bp Xbal/HindIil fragment encoding the near
full-length ORF and 128 bp of the 3" untranslated region” were subcloned
into pBluescript (Stratagene). The remaining ORF and 28 bp upstream of the
translation initiation codon were generated by PCR of genomic DNA. The
PCR product was sequenced and subcloned into the pBluescript vector con-
taining the remaining ORFE. The C400Y mutation was introduced by digest-
ing wild-type CDMP! with AflII/Ps and replacing the resultant fragment
with an Aflll/ Pstl-digested PCR product generated from an affected individ-
ual. The full-length wild-type CDMPI and CDMPI“Y were subcloned into
the eukaryotic vectors pcDDNA3.1/Neo(-) and pcDNA3.1/Zeo(-)
(Invitrogen). To improve processing efficiency, the pro-region of CDMPI was
substituted with that of dorsalin. In addition, a myc-tag sequence was substi-
tuted into the mature region of CDMP] at a location before the first cysteine.,
Constructs containing the mature regions of wild-type CDMPI and
CDMPI“®, coupled to a dorsalin pro-region and a myc epitope, were pro-
duced as follows. The plasmid pMT21-BMP-4-mycS* was digested with
EcoRV/ Xhol to release the BAMP4 mature region before subcloning PCR-gen-
erated mature regions of wild-type CDMPI and CDMPIZY, Fyll-length
human cDNAs for BMP2 and OP1 (Creative BioMolecules), BMP3 (from W,
Wood, Genentech) and activin (provided by D. Huylebroeck, VIB) were sub-
cloned into pcDNA3.1/Zeo(-). The pSV-B-galactosidase vector (Promega)
was used to monitor transfection efficiency.

Transfections. COS-7 cells were maintained in Opti-MEM (modified Eagle's
medium) 1 (Life Technologies) supplemented with 5% fetal bovine serum
(Collaborative Research) and antibiotics (100 U/ml penicillin, 100 ug/ml
streptomycin and 250 ng/ml amphotericin B (Gisco BRL)). The cell line
ATDCS, derived from murine embryonic carcinoma celis®®, was provided by
P.V. Hauschka (Children’s Hospital Medical Center, Boston) and maintained
in 1:1 mixture of Dulbecco’s MEM and Ham’s F-12 (Life Technologies) with
the same supplements as above. Both cell lines were incubated at 37 °C in an
atmosphere containing 5% CO,. Cells were plated at approximately 60%
confluence in 100-mm dishes and transfected 24 h later with 5 ul/ml
Lipofectamine (Life Technologies) and 1-5 pg/ml DNA in Opti-MEM 1
according to the manufacturer’s instructions. After transfection, COS-7 cells
were maintained in Opti-MEMI1 and antibiotics for 2 days, and ATDC5 cells
were maintained in a chemically defined basal medium (Erlacher ef al,,
unpublished observations) for 4 days before analysis.

Western analysis. Whole-cell lvsates were extracted in RIPA buffer (150 mM
NaCl, 1% Nonldet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 8),
separated on 4-20% Tris-glycine polyacrylamide gels (Novex) and trans-
ferred to Tmmobilon (Millipore) PVDF membrane with a GENIE elec-
trophoretic blotter (Idea Scientific Company). Membranes were incubated
in blocking solution (10 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween 20, 4%
BSA) for 1 h before incubation with primary antibody. Mouse anti-c-myc
monoclonal antibody 9E10 (Santa Cruz Biotech) and rabbit polyclonal anti-
sera specific for OP-1, RMP-2 (Creative BioMolecules) and activin {provid-
ed by W. Vale, Salk Institute for Biological Studies) were used at a 1/1,000
dilution. Chicken polyclonal, affinity-purified peptide, antisera specific for
OP-1 and BMP-2 (Pfizer) were used at a 1/500 dilution, and the rabbit poly-
clonal antiserum, FS-3 (ref. 36), specific for BMP-3, was used at a 1/2,000
dilution. All primary antisera were diluted in TBST {10 mM Tris pH 7.9, 150
mM NaCl 0.1% Tween 20) and 0.4% BSA, and incubated with pre-blocked
membranes at room temperature for 1 h. The membranes were washed
three times in TBST and incubated with horse-radish peroxidase~conjugat-
ed secondary antibody (Jackson Laboratories), at a 1/20,000 dilution, for
1 h. Immunoreactive proteins were detected with the SuperSignal chemilu-
minescent system (Pierce). -

Immunoprecipitation. Rabbit and chicken antisera (50 ul) were incubat-
ed at 4 °C (with rotation) overnight with protcin A—agarose and protein
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G-agarose (Bochringer Mannheim) respectively in 450 pl of 150 mM
NaCl, 50 mM Tris-HCl pH 7.4. Cell extracts or culture supernatants
(100-400 p1) and RIPA buffer (0-400 ul) were added, and incubation con-
tinued for 1 h. The samples were centrifuged at 3,000 rpm for 1 min and
washed twice in 150 mM NaCl, 50 mM Tris-HCl pH 7.4, once in 500 mM
NaCl, 50 mM Tris-HCl pH 7.4 and once in 50 mM Tris-HCl pH 7.4. The
pellets were re-suspended in 50 wl of 2x Laemmli sample buffer and 4% -
mercaptoethanol and boiled. Electrophoresis on 4-20% Tris-glycine gels,
transfer to Immobilon PVDF membrane and western analysis were per-
formed as before.

Alkaline phosphatase assay. Cells were washed with phosphate-buffered
saline (PBS) and extracted by brief sonication in PBS containing 0.05%
Triton X-100. Alkaline phosphatase enzymatic activity was assayed in
3.5 mM p-nitrophenyl phosphate (PNP), 50 mM sodium barbital pH 9.3 for
30 min at room temperature. The reaction was stopped with 0.5 M NaOH,
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